1. Introduction {#sec1-1}
===============

Functional measurement is important for retinal study and diagnosis. Many eye diseases, such as age-related macular degeneration (AMD) \[[@r1]\], retinitis pigmentosa (RP) \[[@r2]\], diabetic retinopathy (DR) \[[@r3]\], and others, produce functional defects in the outer and/or inner retina. Morphological mapping of disease-associated structural abnormalities in the retina can provide valuable information for disease detection. In coordination with adaptive optics (AO) and optical coherence tomography (OCT), cellular resolution of retinal fundus imaging has been achieved. However, disease-associated morphological and functional changes are not always correlated directly, in terms of time course and spatial location. Therefore, objective assessment of retinal function is essential. Electrophysiological measurements, such as full field electroretinogram (ERG) \[[@r4]\] and relative multifocal ERG \[[@r5]\] are well established for objective evaluation of neural retinal dysfunction. However, signal specificities and resolution of these ERG measurements are relatively low because of the integral effect of the electrophysiological changes over the whole depth of the retina.

Transient changes of intrinsic light properties (e.g., scattering, absorption, and polarization) in activated excitable cells can be used for functional imaging of living systems. Stimulus-evoked intrinsic optical signal (IOS) has been detected in nerve tissues \[[@r6]--[@r8]\], endocrine cells \[[@r9]\], and in the retina. IOS imaging may provide a noninvasive and high resolution method to evaluate functional integrity of the retina. Stimulus-evoked IOSs have been detected in isolated retinal tissues \[[@r10]--[@r15]\], intact animals \[[@r16], [@r17]\], and human subjects \[[@r18], [@r19]\]. Recently, IOS alterations were explored *in vivo* by OCT imaging of photoreceptors of patients with inherited retinal diseases \[[@r20]\]. The purpose of this study is to quantitatively compare temporal and spatial characteristics of IOS changes in normal and mutant retinas, and therefore to demonstrate the feasibility of using IOS imaging for high resolution identification of disease-associated retinal dysfunction.

A *Cngb1* knockout mouse model (Mus musculus) that does not express the β-subunit of the cGMP-gated cation channel and the related GARP proteins was employed for this study \[[@r21]\]. Rod function is attenuated but detectable up to 6 months. By 1 year of age the ERG response is no longer detectable and all rod cells have degenerated. In this paper, time courses and peak value of the IOS in normal and *Cngb1* retinas are quantitatively compared. Our experiments indicated that IOS onset-time and time-to-peak (relative to stimulus onset) of mutant mice were significantly delayed compared to wild-type (WT) mice. In addition, dynamic IOS background images, i.e., without retinal stimulation, revealed spontaneous activity-associated spatiotemporal patterns in the knockout mouse retina, while the WT mice had a relatively clean background.

2. Method {#sec1-2}
=========

2.1 System setup {#sec2-1}
----------------

[Figure 1](#g001){ref-type="fig"} Fig. 1Schematic diagram of experiment setup. A custom modified microscope, with 20x objective and high speed CMOS camera (10 bits depth and 1000 frames/s), was used for this study. During the measurement, the mouse retina was continuously illuminated by the NIR light for IOS recording; a 10 ms visible light flash was used for retinal stimulation. illustrates the schematic diagram of the experimental setup. Details of the optical imaging system have been reported in previous publications \[[@r14], [@r22]\]. Equipped with a high-speed CMOS camera (PCO1200, PCO AG, Kelheim, Germany), the imaging system provided millisecond temporal resolution and sub-cellular spatial resolution for dynamic monitoring of stimulus-evoked fast IOSs. As shown in [Fig. 1](#g001){ref-type="fig"}, the imaging system consisted of two light sources: a near infrared (NIR) light for IOS recording, and a visible white light for retinal stimulation. The visible light produced by a fiber-coupled white light emitting diode (LED) was collimated to improve stimulation uniformity. A slit was placed behind the collimator to provide a rectangular stimulus of 80 µm x 180 µm. The NIR light produced by a 12-V 100-W halogen lamp (PHILIPS7724) was filtered by a band-pass filter (wavelength band: 800-1000 nm). The NIR filter, in front of the CMOS camera, was a long-pass filter which blocked visible stimulus light and transmitted NIR light that was detected. During the IOS recording, the retina was continuously illuminated by \~1 mW NIR light illumination. In each trial, pre-stimulus recording was 0.4 s, followed by a 10 ms visible light flash and 1.0 s post-stimulus recording. The raw images were captured at the frame rate of 1000 frames per second with image size of 400 x 300 pixels (240 µm x 180 µm).

2.2 Mice strains, handling, and genotyping {#sec2-2}
------------------------------------------

Knockout mice (Mus musculus) were generated as previously described \[[@r21]\] and maintained by homozygous crosses. Knockout mice originated in a 129 Sv background crossed into a C57Bl/6 background and were bred congenic (\> 10 generations) prior to initiation of this study. Genotypes were verified as previously described \[[@r21]\] using standard PCR technology.

WT mice were originally obtained from crosses of heterozygous knockout mice and maintained on a C57Bl/6 background. WT mice were verified by PCR \[[@r21]\] to be absent for the knockout allele. Mice were handled in accordance with university animal resources program guidelines and according to the ARVO "Statement for the Use of Animals in Ophthalmic and Visual Research". Mice were maintained on standard chow and water ad libitum and on a 12 on /12 off light cycle with overall light exposure limited to less than 300 lux.

2.3 Sample preparation {#sec2-3}
----------------------

Isolated WT and *Cngb1* knockout mutant mouse retinas \[[@r21]\] (without retinal pigment epithelium) were used to test stimulus-evoked IOS responses. Without the complications of hemodynamic changes and eye movements, isolated retina is a simple preparation to verify the differences produced by retinal neuronal cells. The experiments were performed following the protocols approved by the Institutional Animal Care and Use Committee of University of Alabama at Birmingham. Briefly, retinal dissection was conducted in a dark room with dim red illumination. After overnight dark adaptation, eyeballs from anesthetized mice were rapidly enucleated and the retina was carefully isolated from the eyeball in Ames media, and then transferred to a recording chamber under a nylon grid mesh for IOS imaging. During the experiment, the sample was continuously super-fused (\~2 ml/min) with oxygenated bicarbonate-buffered Ames medium, maintained at pH 7.4 and 33\~37°C.

2.4 Data processing {#sec2-4}
-------------------

IOS images shown in [Figs. 2(b-d)](#g002){ref-type="fig"} Fig. 2(a) Representative images of a mouse retina. The white rectangle in the third frame showed the visible stimulus pattern. The black arrow indicated the delivery of stimulus light. (b) Dynamic differential IOS images of two-month-old WT mouse retina. (c) Dynamic differential IOS images of two-month-old mutant mouse retina. (d) Dynamic differential IOS images of 1-year-old mutant retina. Scale bars (in black) represent 50 µm. are presented in the unit of Δ*I*/*I*, where Δ*I*/ is transient optical change and *I* is reference baseline. Dynamic differential data processing was employed to construct the IOS images \[[@r22]\]: $$IOS_{t_{i}}(x,y) = \frac{\Delta I}{I} = \frac{I_{t_{i}}\left( {x,y} \right) - \frac{1}{m}\sum_{j = 1}^{j = m}I_{t_{i - j}}\left( {x,y} \right)}{\frac{1}{m}\sum_{j = 1}^{j = m}I_{t_{i - j}}\left( {x,y} \right)}$$where ~$I_{t_{i}}(x,y)$~was the intensity at the time point of ~$t_{i}$~, and *i* = 1,2,3, ... represented the image index. *m* was the number of images before the image *i*. In other words, the dynamic reference baseline of the pixel at (x, y) was calculated by using the averaged pixel value of m consecutive frames recorded before the time point ~$t_{i}$~. In this article, we selected m = 100 (i.e., images recorded over 100 ms).

Since the recording light intensities could increase or decrease upon stimulus, to better categorize the changes and identify signal from noise, we quantified pixel numbers of positive and negative signals as the following: the signal at pixel (*x, y*) is defined as positive, if $$IOS_{t_{i}}(x,y) > \overline{IOS}(x,y) + 3\sigma(x,y)$$Likewise, it is negative, if $$IOS_{t_{i}}(x,y) < \overline{IOS}(x,y) - 3\sigma(x,y)$$where $$\overline{IOS}(x,y) = \frac{1}{n}\sum_{j = 1}^{j = n}IOS_{t_{j}}\left( {x,y} \right)$$ $$\sigma(x,y) = \sqrt{\frac{1}{n}\sum_{j = 1}^{j = n}\left( {IOS_{t_{j}}\left( {x,y} \right) - \overline{IOS}(x,y)} \right)^{2}}$$where n is the pre-stimulus image number. For each dynamic differential IOS image, given the position of *x*~0~, we counted the positive/negative pixel numbers along the y axis. In this way, we converted the 2-dimensional IOS image to a single line (one dimension). The value of each pixel in the line indicated the pixel numbers with positive /negative signals along the y axis (300 pixels). By combining such lines over time, we reconstructed the *x-t* spatiotemporal images ([Fig. 3(a)](#g003){ref-type="fig"} Fig. 3(a) Spatiotemporal patterns of positive and negative IOS signals, corresponding to [Fig. 2(b)](#g002){ref-type="fig"}. The top panel is the image of positive pixel numbers and the bottom is negative signal pixel numbers. The unit of the color bar is pixel number. Scale bars (in black) represent 50 µm. The vertical axis (x) corresponds to the horizontal axis (x) in [Fig. 2(b)](#g002){ref-type="fig"}. The method to reconstruct spatiotemporal images was described in the section of data processing. (b) Dynamic IOS magnitude changes of the three retinas shown in [Fig. 2(b)](#g002){ref-type="fig"}-[2(d)](#g002){ref-type="fig"}. (c) Statistical analysis of IOS magnitude of 7 two-month-old WT and 11 two-month-old mutant mouse retinas (p\<0.0001). (d) Statistical analysis of corresponding IOS onset time (p\<0.0004) and peak time (p\<0.002).).

There were spontaneous activities or granular patterns observed from IOS background images. Coefficient of variation (*CV*) \[[@r23]\] was used to quantify and represent the spontaneous activities: $$CV(x,y) = \frac{\sigma(x,y)}{\overline{IOS}(x,y)}$$Here, we call the array of *CV* as the texture image. For each trial, we had a texture image, and correspondingly, a quantitative approach was used to measure the uniformity and smoothness of the texture image \[[@r24]\]. The uniformity is defined as: $$U = {\sum_{k = 0}^{k = L - 1}{H^{2}(CV)}}$$where *H(CV)* is the histogram of the texture image, and *L* is the number of histogram bins. And the smoothness is defined as: $$S = 1 - \left( \frac{1}{1 + \delta_{CV}^{2}} \right)$$where ~$\delta_{CV}^{2}$~denotes the variance over the whole texture image.

3. Results {#sec1-3}
==========

3.1 Stimulus-evoked IOS comparison between WT and mutant mouse retinas {#sec2-5}
----------------------------------------------------------------------

[Figure 2](#g002){ref-type="fig"} shows a dynamic differential IOS comparison between WT and *Cngb1* mouse retinas activated by a single flash. Each image (400 x 300 pixels) is an average over 200 images. [Figure 2(a)](#g002){ref-type="fig"} shows a representative mouse retina image sequence. For each trial, pre-stimulus baseline recording was collected for 0.4 s (i.e., 200 frames) before a 10 ms visible white light stimulus was delivered. The black arrowhead ([Fig. 2(a)](#g002){ref-type="fig"}) indicates the onset of stimulus. [Figure 2(b)](#g002){ref-type="fig"} shows IOS images of 2- month-old WT mouse retina. Upon the stimulus, IOS image revealed a robust and rectangular pattern spread out over the stimulus activated region ([Fig. 2 (b)](#g002){ref-type="fig"}). Under the same experimental conditions, IOS images of 2-month-old rod degenerated mouse retina also showed a regular rectangular pattern, however, due to ongoing retinal degeneration \[[@r21]\], signal strength was greatly attenuated ([Fig. 2(c)](#g002){ref-type="fig"}). In 1-year-old mutant mice, visible light stimulus evoked optical signals were no longer detectable ([Fig. 2(d)](#g002){ref-type="fig"}) due to the photoreceptor absence \[[@r21]\].

In order to investigate spatial and temporal characteristics of the positive and negative IOSs, we depicted spatiotemporal images of the quantities of positive and negative signals in [Fig. 3(a)](#g003){ref-type="fig"}. The white dash lines in [Fig. 3(a)](#g003){ref-type="fig"} indicated the stimulus edges. As shown in [Fig. 3(a)](#g003){ref-type="fig"}, positive and negative signals shared similar time courses and spread out around the stimulus area. Because of the comparable time courses of the overall positive and negative signals, to simplify analysis, we inverted the negative signals and used the absolute value of IOSs as the IOS magnitude to quantify the strength of the localized stimulus-evoked activities. In order to quantitatively investigate the response differences between WT and mutant retinas over time, the IOS magnitude curves corresponding to [Fig. 2(b)](#g002){ref-type="fig"}-[2(d)](#g002){ref-type="fig"} were plotted in [Fig. 3(b)](#g003){ref-type="fig"}. As shown in [Fig. 3(b)](#g003){ref-type="fig"}, the signal magnitude of 2-month-old WT retina was more than five times larger than that in mutant retina of the same age. In 1-year-old mutant retina, IOS was not observed ([Fig. 3(b)](#g003){ref-type="fig"}). [Figures 3(c)](#g003){ref-type="fig"} and [3(d)](#g003){ref-type="fig"} show statistical analysis of IOS results based on 7 two-month-old WT and 11 two-month-old mutant mice. In addition to magnitude difference, the IOS of WT mouse retinas occurred and reached peak value earlier in comparison with that of mutant retinas ([Fig. 3(d)](#g003){ref-type="fig"}), which was consistent with previous reported ERG changes \[[@r21], [@r25]\].

3.2 Spontaneous activity in WT and mutant mouse retinas {#sec2-6}
-------------------------------------------------------

Two-month-old *Cngb1* knockout mutant mice retinas did not show remarkable structural changes visually compared to WT mice ([Fig. 4(a)](#g004){ref-type="fig"} Fig. 4(a) Raw structure images of 2-month-old WT (left) and mutant (right) mouse retinas; (b) Texture images of WT (top) and mutant (bottom) mouse retina. The texture images represent the strength of spontaneous activity over the pre-stimulus time. (c) Statistical analysis of background smoothness of 21 WT and 19 mutant mouse retinas (p\<0.0001). (d) Statistical analysis of background uniformity (p = 0.002). Scale bars represent 50 µm.). However, functional IOS images of the mutant retinas revealed irregular spatiotemporal patterns ([Figs. 2(c)](#g002){ref-type="fig"}-[2(d)](#g002){ref-type="fig"}). These irregular spontaneous changes occurred, without the requirement of retinal stimulation. Texture images (described in the data process section) of 4 trials of WT and mutant mouse retinas are shown in [Fig. 4(b)](#g004){ref-type="fig"}. In comparison with relative clean texture images of WT retinas, mutant retinas showed various sizes of granular like particles distributed randomly around the whole area. In order to better quantify their spatial differences, the smoothness and uniformity of texture images of 21 WT and 19 mutant mouse retinas were compared. Statistical analysis results showed texture image for WT was four times smoother ([Fig. 4(c)](#g004){ref-type="fig"}) and significantly more homogeneous ([Fig. 4(d)](#g004){ref-type="fig"}) as compared to the mutant.

4. Discussion {#sec1-4}
=============

In summary, we compared stimulus-evoked IOS responses in normal and mutant retinas to demonstrate the feasibility of IOS identification of retinal dysfunction. Both 2-month and 1-year-old mice were measured. In 2-month-old mutant mice, time course and peak value of the stimulus-evoked IOS were significantly delayed (relative to stimulus onset) and reduced, respectively, compared to age-matched WT mice. In 1-year-old mutant mice, stimulus-evoked IOSs were totally absent.

Recent morphological study of Cngb1 gene knockout mice has revealed shorter and disorientated photoreceptor (rod) outer segments over the whole retina area \[[@r21]\], which might result in the reduced IOS response correlated with retinal stimulation. Moreover, functional defects of the photoreceptors might further affect the IOS response. Previous studies with isolated photoreceptor outer segments and isolated retinas have demonstrated transient IOSs associated with phototransduction \[[@r26]--[@r28]\]. Both binding and release of G-proteins to photoexcited rhodopsin might contribute to the positive (increasing) and negative (decreasing) IOSs \[[@r27]\]. Localized biochemical processes might produce non-homogeneous light intensity changes, i.e. positive and negative signals mixed together. Besides the biochemical mechanism, physical changes, such as stimulus-evoked cell volume changes associated with water influx due to ionic currents through gated membrane channels might also contribute to the IOS response \[[@r29]--[@r32]\]. In Cngb1 gene knockout mice, it is established that the cyclic-nucleotide-gated cation channels regulating ion flow into rod photoreceptor outer segment are not functioning properly, which can reduce ion movement and light sensitivity of rod photoreceptor cells \[[@r21]\]. Therefore, stimulus-evoked IOS changes might be substantially reduced. For 1-year knockout mice, the photoreceptors, which are responsible for capturing photons and initiating phototransduction, were completely gone, and therefore no detectable stimulus-evoked IOS was observed ([Figs. 2(d)](#g002){ref-type="fig"} and [3(b)](#g003){ref-type="fig"}).

In addition to overall changes of IOS magnitude ([Fig. 3(c)](#g003){ref-type="fig"}) and time course ([Fig. 3(d)](#g003){ref-type="fig"}), distinct spontaneous IOS patterns were observed in WT and mutant retinas. WT mouse retinas showed clean background baseline before retinal stimulation ([Fig. 2(b)](#g002){ref-type="fig"}, and first row of [Fig. 4(c)](#g004){ref-type="fig"}). In contrast, mutant mice showed enhanced spontaneous IOS responses which might attribute to spontaneous activity at inner neural layers. It is known that mammalian retinal degeneration gradually proceeds from outer retina to inner neural network, from the death of rods and cones to dendrite truncation in bipolar cells or even entire neural network remodeling \[[@r25], [@r33]\]. Previous reports on rod degenerated mouse models have demonstrated that the loss of photoreceptors was accompanied by a marked increase of spontaneous activity in remnant neural networks \[[@r34]\]. Recent studies suggested that this spontaneous activity initiated at the presynaptic network including ON cone bipolar and AII amacrine cells \[[@r35]\]. At early stages, before major morphological modifications in the inner retina, of retinal degeneration, abnormal time course and magnitude of ERG b-wave has been observed \[[@r25]\].

We anticipate that fast IOS imaging may provide a supplemental method for better understanding of disease-associated retinal dysfunctions. In comparison with ERG recording, the IOS imaging can provide improved spatial resolution and three-dimensional imaging capability. Since Fast IOS imaging could be done noninvasively, it may lead to a new methodology for early detection of retinal dysfunction *in vivo*. High resolution IOS imaging will allow accurate disease detection and reliable treatment evaluation of age-related macular degeneration (AMD), retinitis pigmentosa (RP), diabetic retinopathy (DR), glaucoma, and other eye diseases that are known to produce retinal dysfunctions.

5. Conclusion {#sec1-5}
=============

Unambiguous IOS abnormalities, in term of time course, magnitude, and spontaneous activity, were observed in *Cngb1* knockout mutant mouse retinas. Comparative study of WT and mutant mouse retinas demonstrates the potential of using IOS imaging for objective evaluation of disease-associated retinal dysfunctions. Further development of the IOS imaging technology may provide improved retinal disease study and diagnosis. Moreover, high spatiotemporal resolution IOS imaging may foster advanced understanding of disease-associated neural remodeling in the retina.
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